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Introduction...

The discovery of GRBs



Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and under Water
Signed by the Original Parties, the Union of Soviet Socialist Republics, the United Kingdom of Great Britain
and Northern Ireland and the United States of America at Moscow: 5 August 1963

The Governments of the United States of America, the United Kingdom of Great Britain and Northern Ireland, and
the Union of Soviet Socialist Republics, hereinafter referred to as the "Original Parties,"

Proclaiming as their principal aim the speediest possible achievement of an agreement on general and complete
disarmament under strict international control in accordance with the objectives of the United Nations which would
put an end to the armaments race and eliminate the incentive to the production and testing of all kinds of weapons,

including nuclear weapons,

Seeking to achieve the discontinuance of all test explosions of nuclear weapons for all time, determined to continue
negotiations to this end, and desiring to put an end to the contamination of man's environment by radioactive
substances,

Have agreed as follows:
Article I

1. Each of the Parties to this Treaty undertakes to prohibit, to prevent, and not to carry out any nuclear weapon test
explosion, or any other nuclear explosion, at any place under its jurisdiction or control:

(a) in the atmosphere; beyond its limits, including outer space; or under water, including territorial waters or high
seas; or




How to detect

a nuclear explosion ?

Signatures : - Seismic signals
- Very low frequency sound waves

- Gamma-rays —l The « VELA » program

(3 pairs of satellites,
launched in 1963, 1964 and 1965)




The discovery of GRBs




The discovery of GRBs
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ABSTRACT

Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between
1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than
0.1 s to ~30 s, and time-integrated flux densities from ~10—-5 ergs cm—2 to ~2 X 10—#% ergs
cm—2 in the energy range given. Significant time structure within bursts was observed. Directional
information eliminates the Earth and Sun as sources.

Subject headings: gamma rays — X-rays — variable stars



What is a Gamma-Ray Burst ?
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What is a Gamma-Ray Burst ?

1970-1980 : GRBs are studied by several satellites.

90’ : BATSE experiment onboard CGRO
Beppo-SAX satellite (april 1996 — april 2002)

2000’ : HETE-2 satellite (launch: october 2000)
INTEGRAL observatory (launch: october 2002)
SWIFT satellite (launch: october 2004)



GRBs




Observations

Main GRB properties



Observations : GRB rate

1991-2000 : BATSE ~ 1 GRB per day (total : 2704 GRBs)



Observations : GRB duration

Two groups
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : time profiles

(4™ BATSE catalog, Paciesas et al. 1999)
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Observations : spectrum
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Obs : spectrum vs time profile
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Obs : spectrum vs time profile
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The GRB distance scale

. & question for 30 years



GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

BATSE : comparison between count rates in different detectors.
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GRB localization

IPN : difference in arrival times for several satellites.
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GRB localization

IPN : difference in arrival times for several satellites.
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GRB localization

IPN : difference in arrival times for several satellites.
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GRB localization

IPN : difference in arrival times for several satellites.
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GRB localization

Beppo-SAX / HETE-2 / INTEGRAL / SWIFT : coded mask
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GRB l“aliza tiOn

Beppo-SAX / HETE-2 / INTEGRAL / SWIFT : coded mask
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GRB localization

Beppo-SAX / HETE-2 / INTEGRAL / SWIFT : coded mask
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The SWIFT coded mask




GRB localization

BATSE = afew degrees

IPN = better than one arc minute but slow

Beppo SAX /HETE-2 / INTEGRAL / SWIFT = a few arc minutes



Distribution of locations




Distribution of locations




Distribution of locations
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Distribution of peak flux

© Uniformly distributed sources within a sphere

>
/

‘ Slope -3/2 \

Weak sources
are missing

Log (# of GRBs Peak flux > P)

p Log(Peak flux P)



Distribution of peak flux

® Cosmological sources

‘ Cosmological distances \

Log (# of GRBs Peak flux > P)

p Log(Peak flux P)



Distribution of peak flux

Observed log N — log P diagram :

0.256 s Integral Peak Flux Distribution

1000 E T
L 887 Bursts
— 100F -
o -
: r
LA} -
4O
= L
o |
- 10F —
L .-'"2
1 1 1 1 11 11 II 1 1 1 11 1 11 1 1 1 11 1 1 1 1 11 1 11
.. 4 o~ a ] . N e
.1 1.0 10,8 100, 1000.5

iy ) - PR -z ,—._1 "ll
Feak Flux {ph crm™ 57} F



Great debate (1995) :

the distance scale to GRBs

cf. Great debate (1920) : the scale of the Universe
H. Shapley vs H.D. Curtis

H. Shapley : spiral nebulae = gaz nebulae inside a big single Galaxy.
H.D. Curtis : spiral nebulae = other galaxies like the Milky Way.

Solved in the mid-20’ by Hubble (cepheids in M31).

1995 : B. Paczynski vs D. Lamb,

(moderator: M. Rees)

D. Lamb : galactic « super-halo »
B. Paczynski : cosmological GRBs

Solved in 1997 by Beppo-SAX : first optical counterpart.
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1997 : afterglows

20

GRB afterglows : 22

— fast temporal decay

— spectral evolution :
X, visible, radio
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1997 : afterglows

First optical counterpart : GRB 970228
Second optical counterpart : GRB 970508 — spectrum.

Identification of redshifted absorption lines : cosmological origin !



1997 : afterglows
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This GRB was emitted when the Universe was 6.5 Gyr old only !



GRB 970508 Host Galaxy [0 1] 3727

0.8349 + 0.0003

F, (uly)

[Ne III] 3869

Host galaxy : same redshift ! (mission lines)




GRBs are cosmological !

1997 | GRB 970228 970508 970828 971214
695 0.835

Redshift z=4.5:
the Universe is 1.4 Gyr old !

1998

990712 991208 991216
0.706 1.02

1999 | GRB

2000 | GRB ((000131) 000301C

7 45 2.03
2001 | GRB 010222 010921 011121 011211
7 1.477 0.36 0.36 2.14
2002 | GRB 020405 020813 021004 021211
7 0.69 1.25 2.3 1.01
2003 | GRB 030226 030323 030328 030329 030429 031203
7 1.98 3.37 1.52 0.168 2.65 0.105

2004 | GRB 040701 040924 041006
z 0.215 0.859 0.716




Consequences

Table 1

s to form new class of stable particles
accretion GRB with recurrence

WD collapses, bu
Be/X-ray binary sys evolves to NS
e+ e- cascades by aligned puls
Energy released from cusp of cosmic string (revised)

r outer-mag-sphere reignition

#  Author Year  Reference Main  2nd  Place  Description
Pub Body Body Absorption features suggest separate colder region near NS
S + accretion disk reflection explains GRB spectra
e 8 Colgate 1968 CJPhys, 46, S476 ST cos SN shocks stellar surf in distant galaxy NS seismic waves couple to magnetospheric Alfen waves
Colgate 1974 Apl, 187, 333 ST cos Type II SN shock brem, inv Comp scat at stellar surface - Trofimenko et al. 1989 5 152, 105 WH Kerr-Newman white holes

Stellar NS E-field accelerates electrons which then pair cascade
Superflare from nearby WD

Relic comet perturbed to collide with old galactic NS
Accretion onto WD from flare in companion

wperflare from nearby star
Narrow absorption features indicate small cold area on NS

Binary member loses part of crust, through L1, hits primary

Fast NS wanders though Oort clouds, fast WD bursts only optical
Episodic electrc at from rot high-B NS

tatic accel and Comp s

Accretion onto NS from flare in companion

Accretion onto BH from flare in companion . Trofimenko Ap & SS, 159, 301 WH Different types of white, “grey” holes can emit GRBs

NS chunk contained by external pressure escapes, explodes ' Eichler et al. Nature_ 340126 NS NS - NS binary members collide, coalesce

Relativistic iron dust grain up-scatters solar radiation Cyclo res & Raman scat fits 20, 40 keV dips, magnetized NS

Directed stellar flare on nearby star QED mag resonant opacity in NS atmosphere

Comet from system’s cloud strikes WD NS magnetospheric plasma oscillations

Comet from system’s cloud strikes NS Beaming of radiation necessary from magnetized neutron stars
Bisnovatyi- et al 1975 35, g Absorption of neutrino emission from SN in stellar envelope Interstellar comets pass through dead pulsar’s magnetosphere
Bisnovatyi- et al 1975 7 Thermal emission when small star heated by SN shock wave Compton scattering in strong NS magnetic field
Bisnovatyi- et al. 1975 Ejected matter from NS explodes Old NS accretes from ISM, surface goes nuclear

I 'S crustal starquake glitch; should time coincide with GRB, 4 Paczynski AplJ, 363, 218 3 NS-NS collision causes neutrino collisions, drives super-Ed wind

Narlikar et al < White hole emits spectrum that softens with time ) Zdziarski et al Apl, 366, 343 Scattering of microwave background photons by rel e-s

NS corequake excites vibrations, changing E & B fields Young NS drifts through its own Oort cloud

Convection inside WD with high B field produces flare White hole supernova gave simultaneous burst of g-waves from 1987A
Prilutski et al. 1975 Ap & SS, 34, 395 Collapse of supermassive body in nucleus of active galaxy
Narlikar et al 1975 Ap & SS. 35. 321 WH excites synchrotron emission, inverse Compton scattering, 1 non-uniform NS atmosphere accelerate particles
Inv Comp scat deep in ergosphere of fast rotating, accreting BH acnsel et al. 991 Apl. 375, 3 S Strange stars emit binding energy in grav rad and collide

NS crustquake shocks NS surface Slow interstellar accretion onto NS, e- capture starquakes result

NS B-field undergoes resistive tearing, accelerates plasma

Alfen waves

Magnetic WD suffers MHD instabilities, flares Low mass X-ray binary evolve into GRB sites

Thermal radiation from flare near magnetic WD Accreting WD collapsed to NS

Carbon detonation from accreted matter onto NS Dar et al. 1992 Apl, 388, 164 WD S WD accretes to form naked NS, GRB, cosmic rays

Mag grating of accret disk around NS causes sudden acéretion Hanami 1992 Apl, 389, L71 NS PLAN NS - planet magnetospheric interaction un:

Instability in accretion onto rapidly rotating BH Meszaros et al. 1992 Apl, 397, 570 NS NS - NS collision produces anisotropic fireball

Charged intergal rel dust grain enters sol sys, breaks up Carter Apl, 391, L67 BH Normal stars tidally disrupted by galactic nucleus BH
‘WD sui nuclear burst causes chromospheric flares Usov Nature, 357, 472 NS WD collapses to form NS, B-field brakes NS rotation instantly
NS surface nuclear burst causes chromospheric flares Narayan et al 1992 Apl, 395, L83 NS - NS merger gives optically thick fireball

NS vibrations heat atm to pair produce, annihilate, synch cool Narayan et al. 1992 Apl, 395, L&3 BH NS D BH - NS merger gives optically thick fireball

Asteroid from interstellar medium hits NS Brainerd 1992 Apl, 394, L33 AGN  JET Synchrotron emission from AGN jets

NS core quake caused by phase transition, vibrations Meszaros et al. 1992 BH BH-NS have neutrinos collide to gammas in clean fireball
Asteroid hits NS, B-field confines mass, creates high temp Meszaros et al. 1992 NS NS-NS have neut »s collide to gammas in clean fireball

aporating could account for s

Helium flash cooled by MHD waves in NS outer layers 1 N rinordial B hort hard GRBs

Asteroid hits NS, tidally disrupts, heated, expelled along B lines 118. Rees et al. 1992 Relativistic fireball reconverted to radiation when hits ISM
Asteroid enters NS B field, dragged to surface col

Magnetic reconnect
NS flares from pair plasma confined in NS magnetosphere
Magnetic reconn

ion at heliopause

n after NS surface He flash
He fusion runaway on NS B-pole helium lake

e- capture triggers H flash triggers He flash on NS surface
ad absorp giving rel e-s, inv C scat Table from: Nemiroff, R. J. 1993, Comments on Astrophysics, 17, No. 4, in press

t by hotter overlying plasma

B induced cyclo res in
BB X-rays inv Comp sc
ISM matter accum at N
Nonexplosive collapse of WD into rotating, cooling NS
accretion from low mass binary companion

magnetopause then suddenly aceretes

Neutron rich elements to NS surface with quake, undergo fission
Thermonuclear explosion beneath NS surface

NS corequake + uneven heating yield SGR pulsations

B field contains matter on NS cap allowing fusion

NS surface nuc explosion causes small scale B reconnection
Remnant disk ionization instability causes sudden accretion

Resonant EM absorp during magnetic flare gives hot sync e-s
NS magnetic fields get twisted, recombine, create flare

NS magnetosphere excited by starquake

Accretion instability between NS and disk

Old NS in Galactic halo undergoes starquake

Weak B field NS spherical
NS flares result of magnetic convective-oscillation instability
High Landau e-s beamed along B lines in cold atm of NS
NS + low mass stellar companion gives GRB + optical flash
NS tides disrupt comet, debris hits NS next pass

Radially oscillating NS

Flare in the magnetosphere of NS accelerates e-s along B-field
Paczynski 1986 ApJ, 308, L43 Cosmo GRBs: rel e- e+ opt thk plasma outflow indicated
Chain fis

ejects strange mat lump craters rotating

 accretes, Comptonizes X-rays

sion of superheavy nuclei below NS surface during SN

S companion

Magnetically active stellar system gives stellar flare
7: Babul et al. 1987 Apl, 316, L49 Cs COS_ GRB result of energy released from cusp of cosmic string
Oort cloud around NS can explain soft gamma-repeaters

COS  G-wave bkgrd makes BL Lac wiggle across galaxy lens caustic Nem i r‘o f f 19 94

MecBreen et al. 1988



« the atterglow era»



GRB 990123 : optical £lash
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GRB 990123 : optical £lash
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Afterglows:

light curve and spectrum
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GRB host galaxies

970228 970508 971214 980326

000418 010222

»

991216 000301C

(Vreeswijk P., PhD thesis, 2001)



GRB location in the host
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GRB 980425 / SN 1998bw

z =0.008

A very energetic supernova
associated with a weak GRB.

Galama et al. 1998

(NTT)




—2.5 log(f,) + Constant

Stanek et al. 2003

GRB 030329 / Type Ic SN
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GRB 030329

Apr 1.13UT

Apr4.27UT

N Apr 6.15 UT

Apr7.25UT

Apr8.13 UT

-LIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIlIlIlIIIIIlI]I[IIIII[J-

4000 5000 6000 7000 8000
Observed Wavelength (A)

(Discovery by HETE-2)

A « standard » energetic
cosmological GRB (z=0.17)
associated with a type Ic SN.

A least a fraction of long GRBs
are associated with supernovae.
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« Softness »

S_x(2—30 keV)/S_gamma(30-400 keV)
o

HETE-2 has confirmed the existence of soft or very soft GRBs :
(GINGA, BeppoSAX) : X-ray rich GRBs and X-ray Flashes.

Same properties (variability, duration, ...) BUT softer emission.
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X-ray flashes (XRFs)

10

10
S_total 2—400 keV (erg.cm—2)
Intensity

(Barraud et al. 2002)
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3% HETE-2 GRBs

1 052 1 053 1 054
Erad (erg)

o3

Amati et al. 2002.
GRB 980425



Assume a constant efficiency for GRB production by stars :

1 GRB (pointing towards us) for 10% supernovae

i.e. 1 GRB (pointing towards us) per 50 Myr per galaxy.
Correction for the beaming factor :

1 GRB per 2000 supernovae
i.e. 1 GRB per 100 000 yr per galaxy.

Only a small fraction of massive stars produce GRBs.



Recent results

vee SWIFT !



Afterglow detections

Localizations : better, faster

Since january 2005 :

INTEGRAL : 14 GRBs (2’ to 3’) and 1 redshift.
HETE-2 : 11 GRBs (2’ to 15’) and 3 redshifts.
SWIFT : 110 GRBs (2’ to 4’) and 29 redshifts !

The afterglow is detected at earlier epoch :
Unexpected complexity of the GRB to afterglow transition.

Most distant GRB : z = 6.29 (the Universe is 750 Myr old).
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Short GRBs
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First redshift of a short GRB ! z=0,266

(SWIFT+HETE-2 : 3 short GRB afterglows)

Elliptical host galaxy + afterglow far from the center: NS+NS mergers ?



Redshift distribution
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GRB 050904
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TAROT detection :
86 s after the burst : I1~16

(Quasar : z = 6.37, 1=23.3)

Timescales are multiplied by 1+z = 7.3 ! (T¢,>200 s)



GRB 050904 atz = 6.29 :
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Models...

How to produce a GRB



Isotropic equivalent energy :

E 0= 1051 — 10> erg...

,iso

True energy :

(correction for the beaming factor)

E =10 erg

(Frail et al. 2001)

GRB : energy radiated in gamma-rays ~ SN : kinetic energy !



Compactness problem

Energy radiated in y-rays : E, =1, 1051 erg
Variability : t,,, =10 ms
Beaming
Source size : R=ct, =3000 km
Opacity t,, — e*e": T, =f E, o7/ 4x R mc?

T, = 71014 f, fvv

Problem : /

non-thermal spectrum Fraction of photons above the pair

= optically thin medium production threshold (10-3 — 10-2).




Relativistic motion

Energy radiated in y-rays : E, =1, 1051 erg
Variability : t,,, =10 ms
Beaming
Expanding source : Lorentz factor I"

(i) in the comoving frame of the emitting material, the

photon energy is divided by I', the fraction f is divided by
I26+2,

High energy slope

2 : 2
A I m.C N - | m.C
Vv FV I Vv FV «— »l
Comoving |
Observed I spectrum : I
spectrum I .

| |

| v : | v




Relativistic motion

Energy radiated in y-rays : E, =1, 1051 erg
Variability : t,,,=10ms
Expanding source : Lorentz factor I"

(i) in the comoving frame of the emitting material, the

photon energy is divided by I', the fraction f is divided by
I26+2,

(i) the size of the emitting region can be multiplied by I'2.

Observer
|

AR=R(1-cos0)=R/2T?
9Atobs=R/2I‘ZC




6. How to produce a GRB
7. GRBs and cosmology



Minimal requirements

for a GRB model

Cosmological distance

Isotropic equivalent energy : E ;,, =10 — 10 erg...

,iso

[ True energy : E =10 erg ]
Minimum Lorentz factor (to solve the « compactness problem ») : I" > 100...
Variability timescales/Duration : a few ms to a few 100 s

Rate : ~1 GRB (pointing towards us) for 106 supernovae



Energy E released
in volume r,

Mass : Mc?2<< E




Hydrodynamics

1D — Spherical symmetry — Adiabatic : Newtonian

2
ap 126(r' pVv) _0
of r or

Mass conservation :

2 .2
Momentum conservation : °(PV)  14(r"pv") 9P
at  r®  or ar

a(;pv2 + pe) . 1 a(r'z(;pv2 + pE + P)v)
ot p? or

-0

Energy conservation :

E.OS.: ¢ =

s<
|
[—y
2 |©



Hydrodynamics

1D — Spherical symmetry — Adiabatic : Special relativity

2
d(prI’) . 126(r' pI'v) _0
ot r or

Mass conservation :

Momentum conservation : 9(PhT“V) . a(r” phr*v®) __oP
ot pe ar ar

3(phr'? - P - oI') N 1 a(rz(phI‘2 - pI‘)v)_ 0
5 =

Energy conservation :
9y ot r ar

1 B Lorentz factor : T =

E.OS.: ¢ =
y-1p 1-v°

P

Specific enthalpy th=1+¢ +—

Iy



Hydrodynamics

1D — Spherical symmetry — Adiabatic : Special relativity

Retarded time : s =t-r
3 d 9 F P

— —_— -

ar ar os ot Js

89 14(r"qv) _ a(q(1-v)) 14(rqv)
ot r? or ds ré  or




Hydrodynamics

1D — Spherical symmetry — Adiabatic : Special relativity

a(pr1-v)) 1 a(r®prv) _ 0

Mass conservation : 5
0s r ar

2 2 122
Momentum conservation :  9(PhI"v(1-v)) ~13(r"phI"v7) oP P

ds p? ar ar  9s
1 2/pl/
Energy conservation : a(P/Vr(l- V))+ . a(p (P VI‘)v)= 0
ds p° or
1 P 1 P

E.OS.: ¢ =

Lorentz factor :T" = > Specific enthalpy :h=1+¢ + —
y-1p 1-v P



Hydrodynamics

1

High Lorentz factor: v =1-—
2T

a(pr1-v)) 1 a(r°pIv) _ 0

Jas r2 or

Mass conservation :
pI'(1-v) = P pl'v = pI'
2T

1 a(r* pI'v)

. =~ () for small radii.
r or

Therefore :

Same calculations for energy-momentum conservation.



To check later : width A~cst

Then : I'=

Mass conservation : (4;7;R2A)x I‘p =M = cst

Energy conservation : (4JTR2A)>< (Fp )xyr - %} = E = cst
P

h=1+¢+—
0

Adiabatic motion : — = cst

Iy



To check later : width A~cst

Mass conservation : R°’T'p = cst

Energy conservation : hI' = cst
L . P

Adiabatic motion : —  =cst
py

P

Energy-dominated phase : ~ _r

y-1p

Then: I xR
p xR PxR™ (fory =4/3)



To check later : width A~cst

Mass conservation : Rzrp = cst
Energy conservation : hI' = cst
L . P
Adiabatic motion : —— = CSt
o7
Energy-dominated phase: I  « R p x R~ PxR™

Matter-dominated phase: h =1

Then: I =cst
pxR™ PoR™



Energy-dominated phase : ' « R p x R®” PxR™

Matter-dominated phase : I = cst p R~ Px R™
Terminal Lorentz factor: I, =h I

I,
End of acceleration : Racc Ro F
0

Constant width : R <<,



Lorentz factor

density and temperature
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1/4 -1/2

Initial temperature : kT' ~1.8 b R, MeV
10°%erg /s 90km

R <R R >R

acc acc

Temperature (comoving frame) : T'= (31)/3)/4 T« R~} T'c R77/?

~y /2
Temperature (source frame) : T=IT T =cst ToxR™

Transparent to pairs : T'< 20keV (usually: R <R

acc )

The fireball cannot be purely leptonic (thermal spectrum) : baryonic pollution !



Fireballs : summary

Acceleration : R__=~9x10°y, L. cm
100
E r,\"
Transparency : R =6x10“cm -
! o (1052erg/s)(100)

2
Spreading : R_ . ~3x 10" L. A—/C cm
d 100 ls



Initial event :

Formation of a stellar mass black
hole surrounded by a thick
accretion disk.

(collapsar, coalescence ?)













@ Internal shocks :

Gamma-ray emission = GRB.
Rees & Meszaros 1994

@ Transparency

@ End of acceleration



Observer
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Shell ejeetion : T'y>T,

GRB lightcurve
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e

IS

R, : internal shocks
RiS -~ 6.1014 r22 TVGI",S Cm

Relativistic ejecta :

- Width ~ 31000 t, _cm

- Variable Lorentz factor

(mean value I'>100)

- Kinetic energy L,,, ~ 1051- 1055 erg/s (isotropic eq.)
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® Contact discontinuity :

®

External medium : density profile ?
@

® Reverse shock

Internal shocks

= Transparency

@ End of acceleration



Contact discontinuity
" Reverse shock

@ Internal shocks

14
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Late evolution : T < 1/6,
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Stellar mass black hole formation

&
3

Collapsar...

... or NS/BH+NS merger ?




Collapsars

Progenitor : 35 M
(helium core : 14 M)

(MacFadyen & Woosley 1999)
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MacFadyen & Woosley (1998)

log density (g em™
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Black hole

RN

Thick disk



Many possibilities :
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1. Neutrino-antineutrino annihilation
along the rotation axis
(pb : low efficiency)

SN\
=7

Baryonic pollution : must be small.




—/ From the disk
> 5 and/or the BH (Blandford-Znajek process)
T T

>
Q& 2. MHD outflow :

=
D\

Baryonic pollution : must be small.




Relativistic ejection

*Poorly understood process

*Two energy reservoirs : binding energy of the disk (accretion)
+ rotation energy of the black hole (BZ)

*Magnetic field ?
*How to escape the collapsing star ?

*Baryonic pollution ?

Physical conditions to reach an
ultra-relativistic (I'>100)
and
ultra-energetic (>10°° erg)
outflow ?




Contact discontinuity
" Reverse shock

@ Internal shocks

14




Contact

. discontinuity

Density
A

| ejecta

Relativistic
ejecta

' Shocked,

Afterglow

Forward
shock

Shocked
external i
medium
External
medium

External
shock

radius



Dynamics

The swept-up mass M,,, depends
on the density profile in the external medium :

p=A/rs
M., = 4t/ (3-s) A r3-s

Deceleration radius : M,,, = M,/T, = E, / T2 ¢?
Ryee = [(3-8)/4n Ey/ ATy2 c2 JVG3s)

Ryec = 1.2 107 B33 ny¥/3T,23cm  fors=0and A =nm,

Ry.= 1810 E,; AclT,2cm fors=2and A =7.6 101! A, g/cm (WR)
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Radiation

(1) Physical conditions in the shocked medium:
given by BM solution.

Ex
P

n n
=
0
N

4 r pexf

(2) Magnetic field-Relativistic electrons: “equipartition”

B2 / 8t = ag p« &« = B=(32mmag p,,y °°T c
(p-/m )T ,mc? = o peex = L= (m,/ m,) e./c?

(3) Synchrotron spectrum : fast or slow cooling (Sari et al. 1998)




.
t slow cooling :
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bam,c/o;/B2/T,
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ex

syn

I, > T, : efficient radiative
cooling

Flux F, [mJy]

108

+ fast cooling
5
10 3 V. E
E v-1/2 E
104 F
E |
b |
3 |
10 3 :
: |
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For T',,, > I, : « fast cooling »
all electrons lose
radiatively their energy
int',,.
For I',,, < I, : « slow cooling »
most electrons do not
radiate efficiently.



Other effects

(1) Opening angle of the "jet” :
Break in the afterglow lightcurve :
< (Q/4xn)-1 > » 500 (Frail et al. 2002)

(2) Modification of the dynamics due to radiative losses

(3) More realistic radiative processes : Compton inverse, etc...




Flux

> Time

o— | » Obs
Initial phase /

I' = cst>>1/6,

Deceleration
I'>1/0, I' <1/8,



@ Internal shocks :

Gamma-ray emission = GRB.
Rees & Meszaros 1993

@ Transparency

@ End of acceleration



Ir,>r,
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Internal shocks :
the prompt emission is dominated by the radiation of shock-accelerated

electrons.

Initial kinetic energy flux

zaexfdekin/

/ Internal shock efficiency

Fraction of the dissipated energy which is injected
in the non-thermal population of electrons

Luminosity : L

rad, 4w



Internal shocks :
the prompt emission is dominated by the radiation of shock-accelerated

electrons.

Initial Kinetic energy flux

\
Luminosity : Lrad’% ~oa xfyxL,. Typical ratioT. /T,
in internal shocks

Mean Lorentz factor in the flow

Liin @y ()
r6x—1 T2x

Peak energy (source frame) : Ep ~ 2T x Egom ~K
Standard synchrotron process : x=0.5, y=2.5

Typical timescale
~ observed GRB duration



Ly @, (x)

E =K

Amati relation is possible if there is a low dispersion of K, x, T, T...

If there is no intrinsic correlation between some of the parameters,
the internal shock model predicts a lot of scatter.

However, « unusual » events (980425, 021203, ...) seem to indicate
that there is indeed some diversity in the GRB population...




Kinetic energy flux L,

« .
~ L. q)xy (k) Increasing E |

Lines of
constant Ep

\

For K, K, T
fixed

Transparency
limit :
Internal shocks
occur too close External medium limit :

to the source deceleration occurs before
internal shocks

o

Lorentz factor I




o

Kinetic energy flux L,

N
o*
.
“
.

“““ To reproduce XRFs,

| IR Pt one needs to change
. an other parameter.
¢y T e g
""""""" ~ K= . /T i,
Standard GRB g ! ‘ is prefered.

o
o*
.

S~ \N\N

(Barraud, Daigne, Atteia
& Mochkovitch 04)

Lorentz factor I




E K L’i{m (I)Xy (1() Increasing E |
p A

r6x—1 T2X N\
4 / Lines of
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/ Standard GRB > constant Lp

e For K, K, T
e

o / fixed
= ) /

>

% // ® ~ \\\\
2 GRB 980425-like event

= (Tow luminosity, moderatelyJow E )
e \\\\

Lorentz factor I'




Kinetic energy flux L,

GRB 980425-like event

(Ilow luminosity, moderatelydow E )

\

Such events
can be
detected
only

at low z

Lorentz factor I



Small fraction of events can produce
a highly energetic / highly relativistic outflow :

Continuum * standard GRBs

* X-ray rich GRBs / XRFs
Source (lower baryonic pollution / smoother ejection)

(collapsar ?)

These events can be detected at large z.
They have normal afterglows.

A larger but still small fraction of events lead to
a midly energetic / less relativistic outflow :

* GRB 980425-like events
These events can be detected only locally.
They have weak afterglows. (see Soderberg et al. 04)

Most events do not produce a relativistic outflow.



~ 1_1017 r2-2/3 E531/3 n-1/3 cm

~
' Forward shock
®

©) >3 possible sites :
Reverse shock

b I
Ja

@ Internal shocks
R.=6.10" T2t cm -

Maximum Lorentz factor ?

Comparison : - acceleration timescale
- escape probability
- radiative timescale

accelerators ?

S
:
2
@
3

Cf. Waxman, Lemoine & Sigl, Pelletier, etc.



:f;

accelerators ?

+ External shock : difficult ofr UHECRSs,

uniform :  E,,, ~6x10°E3ng/3TY/3B_, eV

stellar wind : Epqx ~ 9x10°E; AC'T;'B ( eV

+ Internal shocks :

* favored by large B
* late shocks : reverse shock ?

+ Protons VHE + gamma-rays : neutrino production
(1075 eV neutrinos do not imply 107° eV protons)

GRB local rate ...

~1 GRB for 2000 supernovae
i.e. 1 GRB every 100 000 years per galaxy.

This gives 1 GRB poiting towards us every 1000 years within 100 Mpc...



Acceélération : choc externe

Accélération : TeB " 6x10"EgB}T;° s

: R

Echappement : Yesc= e

- 3x10*R, I3 s

4

m,\ 6x (n cz} 1

) ' P llp-1n-2

Pertes synchrotron : Tsyn= (me) a:c ER2 1x10"Ey By I, s
3-s

BN 1/2
R ) B~(32na3 %) I'c « R™3/2

Dynamique: T = I‘O(

dec
Maximum d'efficacité a Ry, :
+cas s=0 (esc):  Emax = 6x10°ESL3ng°13/3B ¢ eV

+ cas s=2 (esc): Eox ~ 9108 E; AT ;1B eV

Goutelas 2-7 juin 2003 - Physique et Astrophysique du Rayonnement Cosmique



Acceélération : chocs internes

’) 7 . -1 ~=-2
Accélération : — =~ 6K EgB; IS5 s

: R -1
Echappement : Vese™ o™ 30R, I s

4 2
Mp) 6m (nec 7 1 ~1x10°ElB;°L, s
m, orC o2 19 84 1;

Pertes synchrotron : Yeyn=~ (

Dynamique : R ~ 2cT%t,,. ~ 6x10MT4t,,. cm

Energie maximum : Lim1:esc Epox = 3x10%° k7113 Bt eV
Lim 2 :syn  Enax ~1x10% k721372812 eV

Contrainte surB: Syn: Eun*TBIZ  soit B~ 4x10°T;(E, /400keV )6
IC: E,«TBI} soit B~1x10"I;'(, /400keV )6

Goutelas 2-7 juin 2003 - Physique et Astrophysique du Rayonnement Cosmique



Cosmology :

Probing the distant Universe
using GRBs



‘I GRBs can be detected at very large distance H

:I local Stars
z=1-27? Type Ia SN
z=7-10? Quasars
z=127? Afterglows
z=15-207? GRBs
0 ~3-7? ~10-30 1000 S
| | | | ;
| | | I > Redshift
Observable | This region has
Universe not been
directly « The dark ages » |CMB BBN

observed yet.




There are probably GRBs at very high z.

GRBs associated with first stars ?

(pop. lll stars)

1 MIL

BIG
BANG

EMISSION OF COSMIC
BACKGROUND :
RADIATION DARK AGES

FIRST STARS

FIRST
SUPERNOVAE
AND BLACK HOLES PROTOGALAXY
MERGERS

MODERN GALAXIES

Larson & Bromm, Scientific American, 2001



How to detect a highz GRB ?

* Infrared is needed (absorption in visible)
» Rapid observations are needed :
Observing ... 10 min after the burst

means in the source frame ... 5 min after the burst atz=1
55 s after the burst atz=10

The source is intrinsically brighter, which partially compensates for the larger
luminosity distance.



How to detect a highz GRB ?

HETE-2 / INTEGRAL : good location (a few arc minutes)
SWIFT / ECLAIRs in quasi real-time (1 min)

TAROT/REM/ ... : automatic pointings
afterglow detected ? : better location (arc second)

VLT / XSHOOTER : pointings in ~ 10-15 minutes !

Good spectroscopy of the afterglow.




Cosmology with GRBs

1. Spectroscopy : ISM (host galaxy),
IGM.

Example : GRB 050730 z=3.969
(Chen et al. 2005)

R=17.7, 4 hours after the burst.
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Cosmology with GRBs

2. Detecting the first stars ? (do pop. lll stars produce GRBs ?)

3. Tracing the high-z SFR ? (GRB progenitors ? evolution ?)

Daigne, Rossi, Mochkovitch 2006.

107 _ ! ! " Kommers et al. '_
L 1 -Montecarlo simulations;
: { -Fit:log N-log P, E distribution and
g L _ and XRR/XRFs fraction.
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i Stern et al. l:
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- Unknown intrinsic GRB physics;
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- Intrinsic rate.

d/dt[AN/AP] (GRB/yr/sr)/(ph/cm?/s)

10 E

P (ph/cm?/s)
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The rate of high z GRBs
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The rate of high z GRBs




Measuring cosmological parameters ?
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GRBs are not standard candels.

Studies are based on Amati-like relations : correlation between

E, :y-ray luminosity (corrected for beaming)

E, : spectral peak energy

Is this method valid ?

- Difficult method in_ practice.
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1. The discovery of GRBs
2. Main properties

3. The GRB distance scale
4. The aftterglow era

5. Recent results : SWIFT
6. How to produce a GRB
7. GRBs and cosmology
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